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Abstract

We have studied the Brillouin scattering spectra of oligomers of
polyethylene glycol, along with ethylene glycol. These systems vary
greatly in viscosity as well as molecular weight. We have found that
except for ethylene glycol (the monomer), the Brillouin frequencies
and the linewidths of the rest of oligomers show more or less the same
temperatufb dependence, independent of viscosity and molecular weight.
These results indicate that the motion responsible for the hypersonic
dispersion and attenuation is localized. We have also developed a
theory based upon the Zwanzig-Mori formalism to account for the ex-
perimental results. We have then shown that in order to obtain a
good agreement between theory and the experiment, the usual Markov
approximation describing the dynamic behavior of the memory function
cannot be used. Thus, the usual hydrodynamic equations with frequency

independent transport coefficients are inadequate in describing the

Brillouin scattering spectra of viscous liquids.




Introduction

Modern development in optical technology has made the Rayleigh
and Brillouin light scattering technique very useful for the investi-
gation of molecular dynamic properties of large molecules such as poly-
mers.!% In general, the Rayleigh and depolarized Rayleigh measure-
ments yield information on the translational and rotational diffusive
motions of molecular segments and an entire molecule.! On the other
hand, Brillouin scattering is due to the interaction of incident
light with thermally induced sound waves in the medium and thus re-
flects the cooperative motion among different segments and molecules.?®
Therefore the interaction between different molecules and segments is
expected to have an important effect on the Brillouin scattering
spectrum of a polymer fluid.

We have previously reported the Brillouin scattering results of
polypropylene glycol (PPG).2:>35% From these experimental results, we
have come to believe that the molecular dynamics which can affect
Brillouin spectra of polymeric liquids are localized motion involving
only very few segments. In order to further affirm these results, we
have carried out a systematic investigation of the Brillouin spectra
of low molecular weight oligomeric polyethylene glycol (PEG) liquids
including ethylene glycol. The experimental setup for such studies
was similar to that used for the PPG measurement.2>3 We have also
carried out viscosity measurements and compared the Brillouin scat-
tering results with the classical theory on the sound propagation and
attenuation. We have found that classical theory is not adequate for

PEG. The viscosities of bulk polymer fluids such as PPG and PEG are
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much higher than those of ordinary simple liquids. This is due to
strong intermolecular interactions among segments, which render these
polymer fluids highly viscous. 1In a previous paper® we have used the
Zwanzig-Mori linear response theory to analyze the Brillouin scatter-
ing results of bulk liquid polypropylene glycols (PPG). It was

shown that the second moment of the intersegmental interaction poten-
tial and i}s relaxation dyvnamics have a dominant effect on the line-
width and frequency shift of the Brillouin peak.

In the present paper, we carry out a similar analysis for poly-
ethylene glycol (PEG) liquids. To our knowledge the experimental
Brillouin scattering results of these fluids have not been reported
in the literature. We have presented the theoretical result more com-
pletely here than in the earlier paper. The derivation is carried out
in terms of two coupled variables (density and velocity; or their lin-
ear combinations). Under cetain approximations the final result in the
present paper reduces to the previous one (Eq. (26) of Ref. 5), with
which the PPG Brillouin scattering results were analyzed. The simpli-
fied equation is used to analyze the experimental Brillouin scattering
results of PEG. The least sauares fitting of PEG MW 200 to the theo-
retical expression was carried out. The result was found to be simi-
lar to that of PPG MW 425 as shown in the previous paper.

The measured sound velocity and attenuation coefficient results
of the Brillouin scattering spectra of PEG dimer, trimer and oligomers
of average molecular weights of 200 and 400 are shown together with
that of ethylene glycol monomer in Figs. 1 and 2. The results indi-
cate that Brillouin data show significant dispersion near 290 K.

The Brillouin scattering result of the monomer is quite different from

M=y b




the former group of PLEG, whose Brillouin scattering results are found
virtually independent of molecular weight. The cause for this differ-
ence is discussed. We have compared the Brillouin scattering results of
the PPG with the PEG series, and have found a significant difference be-
tween them. This difference is interpreted as due to their different

segmental mass and different degree of intermolecular interactions.

Theoretical Consideration
For a polymer liquid made up of a collection of identical chain
segments, the isotropic part of the polarized Brillouin-Rayleigh spec-

trum observed at scattering angle 6 is determined by the Fourier trans-

form of the time correlation function of density fluctuations, given
by

€ o (@) = <6p(q,t) 8o (q)> (1)

where 68p(q,t) is the qth mode of the fluctuation of density and is
given by
iq-r.(t)
Sp(q,t) =% e’ _j (2)
: j
Here ri(t) is the position of scatterer (we take it to be a chain seg-
ment) at time t, q is the scattering wave vector and is related to the

wave vectors of incident and scattering light by

. AN Es i Si (3)

In Eq. (2) the summation over j is to include all scatterers within
the scattering volume.
In order to describe the Brillouin spectrum, we need to consider

V(q,t) in addition to the density fluctuation ép(q,t). Here V(q,t) is
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given by

¥(g,t) =3 v, 1T (4)
il .

where Yj is the velocity of segment j. If we choose q to be in the
direction of the z-axis of the laboratory coordinate system; then by
symmetry only the z-component of V(q,t) can couple to 8p(q,t). In
principle we need to consider the energy fluctuation to account for
the dynamics of density fluctuations properly, but the inclusion of
the energy fluctuation can only affect the Brillouin spectrum in minor
ways (one of which is to render the hypersonic wave to propagate with
an adiabatic velocity, rather than with an isothermal velocity, as con-
sidered in this paper). A complete microsconic theory on Brillouin
scattering including the energy fluctuation is presently in progress.
The qth mode of density fluctuations when coupled to Vz(q) will
give rise to two Brillouin peaks in the Brillouin-Rayleigh spectrum.
The two are the Stokes and anti-Stokes peaks associated with the lon-
gitudinal hypersonic wave. As shown in a previous paper, the two
Brillouin peaks can be calculated by using the Zwanzig-Mori equation®

using two dynamic variables £, and £ , which are defined as

g, = = (—1—69 IS e (5)

+ /2 < 6ﬁ12> ?T\ﬁ:r >
where for the simplicity of notation we have suppressed the arguments
associated with £, 8p and V_, understanding that they all depend on
hoth q and t.

It is easy to show by using time reversal symmetry that at t=o,

* * * *

G L. >=<tk >=land<fg >= <L >=o0,




-

N ——

In the previous paper, we neglected the dynamic coupling between
5+ and £ and treated only the motion of E+ and £ as independent vari-
ables. In this paper we take this coupling into account, and for this
purpose, we define a column vector A consisting of £+ and £ as its

elements

A = (6)

The equation of motion for A(t) is given formally by the Liouville

equation,
2 Aft) = iLA(L) (7)
it G

where L is the classical Liouville operator governing the time evolu-
tion of the dynamic vector variahle A(t). While it is straightforward
to write down a formal expression for L in terms of the kinetic and
potential energy operators in a many body system, in practice this 1s
seldom done in 4 polymer system due to its large number of internal
degrees of freedom and the intermolecular and intramolecular potential
functions. Thus we shall utilize only the formalistic symmetry prop-
erties of the Liouville operator such as the time reversal, reflection
and translation symmetry properties, instead of writing out its ex-
plicit form. 1In its formal definition the Liouville operator is self-
adjoint.

For the set of dynamic variables A(t), the Mori transformatiocon

of Eq. (7) gives.

air A(t) = 19A(t) - [0 dr K(t)-A(t-T) + F(t)
: S | (8)




where the frequency matrix @ is given in terms of I

Q = <(LA) A'> (9)

The other quantities are

K(t) = <F(t) F'> (10)
B = eiQLTF G
F = iQLA (12)

where Q = (1-p), p being the Zwanzig-Mori projection operator de-
fined as

pG = <GAT> <AAT>TIA = <GAT>A (13)

+ s . .-
due to the fact that <AA > is a unit matrix.

Substituting Eq. (6) into Eq. (9), we obtain in the limit of

small q,
w (6]
a
@ = g
z 0 -ug (14)
where w 2 = 2 :}}@-22'= q2 (omx..) ! = q°C.2. Here x.,. is the iso-
q <|Go > i i e i ’
thermal compressibility and is related to <|&p|?> by
Qg 2 2
<|8p|2> = vp KTxp (15)

as q = 0. CT is the isothermal sound velocity.l

Equation (14) thus indicates that A(t) propagates with the iso-

thermal sound velocity, instcad of the desired adiabatic sound veloc-

ity. The reason for this is that, as mentioned above, we have not in-

cluded the energy fluctuation term in the calculation. Since we shall

at the end treat U as a parameter to fit the experimental data, the

* omission of the coupling of density to cnergy will not affect the




interpretation of the Brillouin data to be given in the next section.

The matrix K(t) is known as the memory function matrix. Upon

the substitution of Eqs. (5) and (6) into Eq. (10) and after carry-
ing out the necessary matrix multiplication, we find for the memory

function,

K(t) =Ki(r)
K(x) = (16)
z -K(1) K(t)

where for small q

Kie) = %{<|eiLI(iLV)][iLV]*> - ug?) (17)

L IQLT. The latter

For brevity we have used V for Vz’ and c‘1 for e
simplification is possible for q — 0.! At t = 0 it has been shown
in Appendix IT of Ref. 5 that K(0) in the small q limit has the ana-
lytical form:

KT 5

v oqt 32y 2., 3KT 5 2
{ (Zi-Zj) L wq }

KOy =0 et S0
ij iy
(18)
where U is the total potential energy of the system. The first term
of Eq. (18) can be shown to be positive and greater than qu. One
can easily recognize that this term is proportional to the spatial
second moment of the intermolecular and intersegmental potential
energy in the Z direction.
Substitution of Eqs. (6), (14), and (16) into the generalized

Langevin equation (Eq. (8)) gives two coupled kinetic equations:

g

—ggit) =At qut(t).— L:[K(T)Ei(t—r) 0y K(T][}(t-T)]dT + Ft(t)

(19)




where I/, (t) are the fluctuation forces acting on the slow variables
£,(t). The two coupled kinetic equations can be solved by the method
of Laplace transforms.

The memory function K(7) is the time correlation function of
fluctuation forces and should always decay to zero as time goes on.
We have discussed in Ref. 5 that the time dependence of K(t) can be
approximatbd as an exponential decaying function with correlation

time :
e Ty
1

K(t) = K(0) e 'R (20)
we denote 64(5) and K(s) as the Laplace transforms of C4(t) and K(t)
respectively, and also denotes

1,(s) = <€, (s) £, (0)> (21)

ES S = SR (SNRERR (i () (22)

+
From Eq. (1) and the definitions of £, (Eq. (5)) one can show that
the light scattering spectrum due to density fluctuation is

I(w) = Re : [I+(s) * 1 [sy + I (s) * I_+(s)]
s— iw

where Re denotes taking the real part after s is substituted by
s — iw
iw.
Solution of [q. (19) using Eq. (20) for K(tv) yields the following

results:

Ifw) = T+(w) + I_(m) + Y+_(w) + I_+(m) (23)

M- A
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hp - M(w+w -N) (w-w “N)=MN(w+wm -N)-MN(w-w -N)
g grEeeiy q

() = ———— R T T e
Vi ¥y
B (25)
where
X
A, = EAE, (26)
(M7 -N") (N-v30 )-2M"N
B = - 2 BErt, LSS 3
» v, (27)
. K(”)xR
M= s (28)
1+w TR-
K(0)wt,?
N T s
X, = (M2-N?)M + 2MN(N - o ) (30)
Y* = H‘ + (N - u»“q)‘. (31)

where M and N are the real and imaginary parts of K(iw), respec-
tively. 1In reaching the results of Ea. (25), we have neglected an un-
important term which appears in the denominators. Since the l+;fm1
terms contribute much less to the total spectrum than the ]1(m) terms,
the neglect of the unimportant term in l*;(m) is justified as far as the
calculation of the total Brillouin spectrum is concerned.

In the temperature region where K1R2<<1 is valid, At and Bt terms
of Eq. (24) are much smaller than the other terms, and Ix(w) gives a
maximum spcctral intensity around w = t(‘wa + |[N|]). TFrom Eq. (25)
onec notices that I, (w) is identical to I_+(w). They give rise to
a spectrum with a much broader bandwidth than that from If(m). These

terms have an intensity maximum centered at w = 0. However, the spec-

tral wings of I, (w) in the vicinity of w = :(|mql + |N|) are negligi-

ble compared with I (w).
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The l. (w) terms as given in Eq. (25) represent the dynamic
t

coupling of the two phonon modes with opposite velocity. This term
is important to account for the shane of the entire Brillouin-Ray-

Teigh spectrum, as it gives rise to a spectrum centered at zero fre-
quency, as pointed out in the carlier paper.” However, despite the pre-

sence of 1, (w), we have found that I (w), with the A,

and B, terms ne-
t

glected, provides an adequate account for the temperature dependences

of the Brillouin linewidth and the frequency shift. The simplified
spectral functions as given by the I,(w) terms were used to analyze
the Brillouin data of PPG in the earlier paper. We now use the same
spectral function, coupled with the least squares fitting procedure

1 to analyze the PEG Brillouin scattering results,

Discussion of the Experimental

Results oflWXLlyﬁllouhLﬁcattcring

The mcasured Brillouin shift (fB in Hertz) is related to the hy-
personic velocity Vq by the equation:
\E = fBAO/

s 2nsin(d) (32)

where )o is the wavelength of the incident light in vacuum. n is the
index of refraction of the scattering medium. & is the scattering
angle from the incident light. The attenuation coefficient (axs) over

: |
one wavelength of the hypersound is expressed as

S B (33)

where 'y is the instrument corrected Brillouin spectral full width at

half-maximum intensity. lq is the wavelength of the hypersonic wave
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and is given by

>
1
o=t

(34)

@ |»

The experimental results of YS and q\s of cthylene glycol (mono-
mer) and PEG dimer, trimer, and polymers of MW 200 and MW 400 at 90°
scattering angle are presented in Figs. 1 and 2 as functions of temper-
ature. Except for the ethylene glycol results, the axs and VS results
for the other olicomers are virtually indenendent of molecular weight.
As nointed out in the introcuction, the sarme molecular weiecht indenen-
dence was also ohserved €or the PPA series.d Since the Brillouin scat-
tering spectrum of a viscous fluid 1s greatly influenced by the inter-
molecular and intersegmental interactions, the distinctive aks results
of ethylene glycol indicate that the dynamics of the intermolecular
interaction of the monomer is quite different from the other members
of the series. The difference is most likely due to its short molec-
ular dimension and the presences of dominant hydrogen-bonding inter-
action with neighboring molecules.

Despite their different molecular weights, we have found that all
of the PEG samples under the present study, have practically the same
index of refraction (to within 1% of error). Thus, according to Eqs.
(32) and (33), the same index of refraction impliecs that the Brillouin
frequency shift and the linewidth are practically the same for all of
the PEG somples of different molecular weipghts.

According to the Navier-Stokes equation, the hypersonic velocity
depends only on adiabatic compressibility, and the attenuation coeffi-

cient (or linewidth) only on the static shear and bulk viscosities. For
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the PEG system, the static shear viscosity changes markedly with tem-
perature; the static bulk viscosity which is more or less proportional
to the shear viscosity also changes rapidly with temperature. Thus
the classical theory of sound propagation and attenuation cannot be
used to describe the hypersonic propagation and attenuation behavior.
It is now recognized that the acoustical behavior of highly vis-
cous liqu{ds depends on the product of <ound frequency and the viscos-
ity (f.e., fnrl) and not on the parameters scparately. For this reason,
we have measured the viscosity of ethylence glycol and all of the mem-
bers of PEG studied. We have plotted the hypersonic velocity (V) and
attenuation coefficient (a)) as a function of fnn in Figs. (3) and (4)
respectively. 1In terms of such plots, V and «) separate into differ-
ent curves for different PEG members, due to the fact that each mem-
ber of PEG has a different viscosity at a given temperature. At a
fixed an, the monomer gives the largest V. llowcver, the functional
dependence of aX on an is more complicated. At low an value (an
< 150 GHz cp), corresponding to the high temperature situation, ak
is independent of molecular weight. Beyond this value a) incieases
with increasing degree of polymerization, with some anomaly observed
for the monomer result. The vclocity data approach plateau values
at large an for each oligomer, whereas aX decrcases gradually at
large fﬁn'
Doubtless to say, the an dependence of V and a) is due to the
structural relaxation effect taking place at the hypersonic frequency
region in PEG.  Assuming that the structural relaxation time is propor-

tional to the shear viscosity, we have tried to interpret our results




according to a relaxation theory sct forth by Leontovich,”’ and

found that the relaxation theory predicts too strong a dependence

of V. and aX on f r

Rl at large !Bu.

We thus fit, with the help of a least-squares program, the ex-
perimental results of the frequency shift and linewidth to the values
gencrated from the spectral functions for Brillouin scattering as
given in ﬁq. (24). Neglecting the A, and B, terms, we obtain from
Eg. (24),

M M

T W Tuw NTZ T N2 s N2

I(w) (35)

In the least-squares fitting, we first generated the whole Brillouin
spectrum using Eq. (35). The frequency shift of peak maximum and

linewidth of the generated spectrum were then read and compared with
the experimental values. The difference between the theoretical and
experimental values is then minimized with the least-squares fitting
program. The temperature dependence of the relaxation time Ty dsso-

ciated with the memory function is assumed to follow the Arrhenius

cquation

TR = TR ©XP (“”/RT) (36)

where E_is the activation energy for the relaxation process of the

a
sccond moment of intersegmental interaction potential.® 1In the least-
squares fitting program, there are three adjustable parameters: the
initial value of memory function at t = 0, K; the activation cnergy
E”; and the relaxation time 1R° at infinitely high temperature (sce

Eq. (36)). The result of the least-squares fitting is shown in Fig.
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5, along with the experimental results,

The fittings were carried out in two cases: 1) e independent of
temperature and 2) o a function of temperaturc. The latter case
represents a more realistic situation. With wq fixed, the fitting to
the linewidth data is excellent, however, there are deviations in the
calculated frequency shifts from their experimental data at both high

and low temperatures. As pointed out in the previous paper,® wq’ be-

S !
ing proportional to (mpy..) ~, is temperature dependent and is larger
proj X I [ &

at lower temperature. If the temperature dependence of wq is included,
the calculated frequency shift values are significantly improved at
both low and high temperatures. Since the functional form of the tem-
perature dependence of uq is not available, to demonstrate this point,
we simply assume that the temperature dependent function for wq is

s M oM My

W= w o F——— F— (37)

q q T TZ 1‘3

where mq° is the value of mq at infinite high temperature, and m,
m>, and m3 are adjustable parameters. Using Eq. (37), we have found
that the fitting to the linewidth data is virtually unchanged, but

the fitting to the frequency shift data becomes excellent at all tem-
peratures. The improvement of the fitting to thc frequency by allow-
ing wq to be temperature dependent does not change the K, Ea and © °

R

values significantly. The obtained best values for thesc three para-

"

meters are K = 13 (GHz)?2, E, = 4.11 kcal/mole and t ® = 1.56 x 10714

R

sec for W fixed, and K = 14.2 (GHz)?; Fq = 3.58 kcal/mole and TRO =

3.0 x 107" sec for mq being temperature dependent. The difference in

the values of activation energy is less then 15%, which is about the
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order of the usual error in the activation energy measurement .

As in the least-squares fitting of the PPG data, the obtained K
value is a fraction of qu. However, the activation energy, Ea’ is
found slightly smaller than that of PPG.° Qualitatively this is ex-
pected, since PPG has an extra methyl group for the side chain, which
will incrase the hindrance against the motion of each segment. Never-
theless, fﬁe general characteristics of the results obtained for PEG
by the least-squares fitting are similar to those of PPG. Thus the
discussion of the previous paper® on PPG applics equally well to the
nresent ciase.

A common feature of the PPG series studied in the previous paper
and the PEG series of the present study is their large viscosities,
compared with fluids composed of simple molecules. 1In Fig. 1 of the
previous paper, we have shown that the Brillouin scattering results
of the PPG samples are virtually independent of their viscosities.
This is also the case for the PEG series. The high viscosity of the
polymer fluid invalidates the Navier-Stokes equation used for the
Newtonian fluids.® As seen from our theoretical analysis, the memory
function is characterized by the spatial second moment of interaction
potential between segments and its relaxation dynamics. Due to the
strong intersegmental interaction, the memory function cannot be re-
placed by a relaxation parameter multiplied by a delta function gener-
ally known as the Markov approximation. In the present theory, the
convolution form of the memory function and the dynamic variables is

preserved. This feature, although not well recognized, is helicved to




17

be very important for describing the structural relaxation process
taking place in the hypersonic frequency region. To be more specific,
the imaginary part of the Fourier transform of the memory function
(the N function given in Eq. (29)) is very important to account for
the dispersion of the peak frequency, and the real part (M as given
in Eq. (28)) for the maximum in the linewidth.

In Frenkel's hole theory of liquids,? molecules are considered
to move continuously into the vacancies which are proposed to exist
in a viscous liquid. Based on this hole concept, Isakovich and
Chaban!0 have modeled the highly viscous liquid as a micro-inhomo-
geneous medium to explain the sound attenuation at the hypersonic
frequency region. A micro-inhomogeneous medium is one which consists
of two or more inhomogeneous regions, the dimensions of which are as-
sumed to be <mall compared to the wavelength of sound. They have as-
sumed that upon the passage of sound waves an exchange of energy be-
tween different regions in the micro-inhomogeneous medium occurs. The
encergy exchange is considered to be due to mutual diffusion of holes in
different regions. Our present theoretical analysis does not assume
such a model. Tt is shown that the initial value of the memory func-
tion is characterized by the spatial second moment of the intersegmen-
tal interaction potential. The ranid motion of a chain segment from
one position to another is responsible for the decay of the memory
function, and also causes a local reorganization of the structure in a
polymer liquid. This microscopic picture is implied in Isakovich and

Chaban's model of structural relaxation in a highly viscous liquid,

" but they do not include the memory effect in the calculation. The pre-
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sent theory is developed on the basis of the Zwanzig-Mori formalism,
and allows one easily to relate the phenomenological quantities in
terms of a microscopic picture associated with the physical system
under study with a minimum of subsidiary assumptions about the na-
ture of the system. The present microscopic theory, thus, serves to
provide the Isakovich and Chaban phenomenological thecory with a more

satisfactory statistical foundation.

Summary and Conclusion

We have studied the Brillouin spectra of PEG, along with ethylene
glycol. These systems along with PPG vary greatly in viscosity as well
as molecular weight. We have found that except for monomer, the Bril-
louin frequency and the linewidth of PEG are insensitive to viscosity
and molecular weight. These results indicate that the motion respon-
sible for the hypersonic dispersion and attenuation is localized. De-
spite some difference with respect to the temperature hehavior in the
relaxation time associated with memory function, the PEG results
closely resemble those of PPG.

We have developed a theory on the basis of the Zwanzig-Mori formal-
ism to account for the cxperimental results. We have then shown that
in order to obtain a good agreement between theory and the experiment,
the usual Markov approximation describing the dynamic behavior of the
memory function cannot be used. Thus, the usual hydrodynamic equations
with frequency independent transport coefficients are inadequate in de-
scribing Brillouin scattering of viscous liquids. Further studies of
Brillouin scattering spector will definitely provide useful informa-

tion about the dynamic structure of the liquid state.
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Figure Captions

. Hypersonic velocities of ethylene glycol (Q) and PEG

dimer (A), trimer (), MW 200 (@) and MW 400 (O)

as a function of temperature.

. Hypersonic attenuation coefficients as a function of

stemperature (symbols are the same as those in Fig. 1).

. Hypersonic velocities as a function of an (fB is the

hypersonic frequency and n the shear viscosity; other

symbols are the same as those in Fig. 1).

. Hypersonic attenuation coefficients as a function of an

(symbols are the same as those in Fig. 3).

. Comparison of the calculated and the observed Brillouin

peak frequency and linewidth data as a function of tem-
perature. The solid line is obtained for mq being tem-

perature dependent; the dashed line for fixed wq.
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